Abstract: A novel method of directly observing the effect of temperature rise in water at the vicinity of optical trap center is presented. Our approach relies on changed values of corner frequency of the optical trap that, in turn, is realized from its power spectra. Our two color experiment is a unique combination of a non-heating femtosecond trapping laser at 780 nm, coupled to a femtosecond infrared heating laser at 1560 nm, which precisely controls temperature at focal volume of the trap center using low powers (100-800 µW) at high repetition rate. The geometric ray optics model quantitatively supports our experimental data. assessing the effects of confinement by 1064-nm laser tweezers using microfluorometry," Biophys. J. 71(4), 2158-2167 (1996). 20. K. Kwac and M. Cho, "Two-color pump-probe spectroscopies of two-and three-level systems: 2-dimensional line shapes and solvation dynamics," J.
Introduction
Laser trapping of cells, viruses, bacteria, etc. using forces of coherent radiation pressure at benign infrared (IR) wavelength of 1064 nm [1] [2] [3] have increased the range of precise biomanipulation appliances. While the same advantages remain for benign wavelength operation at 780 nm as trapping laser, this is not true for IR laser trapping at 1560 nm, which has an increased water absorption [4, 5] . The strong vibrational combination band of hydroxyl group (OH) at 1560 nm [6] along with the non-radiative relaxation of water leads to a substantial temperature rise. Such temperature rise from 1560 nm laser may highly impact bio systems, since water is their main ingredient [7, 8] . Typically, each biological system works actively only within a certain temperature range [9] . However, there is continued interest in finding new ways to probe their behavior under different temperature gradients especially in regard to cell apoptosis and cell division [10] . Optical tweezers can, in fact, be a very effective tool to probe such behavior of bio systems [11] . We present here a novel approach of using optical tweezers in solvents having OH bond in conjunction with an IR laser at 1560 nm, utilizing the fundamental approach of applying small perturbation on the system under study. One method of providing the smallest possible perturbation is to have the minimal impact through smallest possible interaction time. In recent years, femtosecond optical tweezers [12] [13] [14] have attracted more attention over conventional continuous wave (CW) laser tweezers [15, 16] . Due to their ultra-high peak powers, femtosecond tweezers use very little average power to generate the requisite gradient force to overcome the scattering force to trap and manipulate micron to nano-sized particles. The low average power also has minimal effect on the solvent medium, though this is only true for very low absorbing media at a specific trapping wavelength. Thus, in terms of absorption wavelength selection and solvent selection are mutually dependent.
The low average power of femtosecond high repetition rate 1560 nm laser in presence of 780 nm femtosecond laser trap is able to increase temperature and decrease viscosity significantly [17] . Effect of local heating is directly observed in the corner frequency (f c ) of the optical trap deduced from its power spectrum [18] though there is no effect on its trap stiffness. Since pulse laser heating [19] is much more effective than the traditional CW laser, femtosecond pulse for local heating should increase its sensitivity as well. Femtosecond high repetition rate IR laser with microwatt power is sufficient to change the trapping volume temperature significantly due to its high peak power. Our theoretical model also supports our experimental data. However, since this model is only based on conduction, a small amount of deviation begins to appear between our experimental and theoretical data at higher temperatures [5] . Our two color pump probe [20] experimental setup with 1560 nm acting as a pump will create perturbation at trapped volume, which directly affects the 780 nm probe laser trapping of fluorescence coated polystyrene bead. The environmental change can be easily sensed by the trapped bead, which is reflected in its Brownian motion [21, 22] .
Experimental section
In our optical tweezers setup (Fig. 1) , the laser source is an Er-doped fiber laser (Femtolite C-20-SP, IMRA Inc. USA), which generates femtosecond laser pulses centered at fundamental 1560 nm wavelength and its second harmonic 780 nm with pulse-widths 300 fs and 100 fs respectively. The two laser pulse outputs are collinear at a repetition rate of 50 MHz. To achieve tight focusing, an oil immersion objective (UPlanSApo, 100X, 1.4 NA, OLYMPUS Inc. Japan) was used and the forward scattered light was collected with another oil immersion objective (60x, PlanAapo N, 1.42 NA, OLYMPUS Inc. Japan) and focused onto a quadrant photodiode (QPD) (2901, Newport Co. USA). The QPD output was connected to a digital oscilloscope (Waverunner 64Xi, LeCroy USA) interfaced with a personal computer through a GPIB card (National Instruments, USA). Data was acquired using our LabVIEW program. We trapped 1.0 µm mean diameter (T8883, Life technology, USA) fluorophore coated polystyrene microsphere suspended in phosphate buffer saline solution. The video of the trapping event was monitored using CCD camera (350 K pixel, e-Marks Inc. USA). The trapping laser power was measured with a power meter (FieldMate, Coherent USA) as well as a silicon amplified photodiode (PDA100A-EC, Thorlabs USA) and 1560 nm power was measured with a calibrated biased InGaAs detector (DET10C/M, Thorlabs USA). The absorption spectrum was collected by the absorption spectrometer (Lambda 900, PerkinElmer USA). The focal point was measured using linear motorized stage (UE1724SR driven by ESP300, Newport Co. USA) interfaced with a personal computer through the GPIB card.
Results and discussion

Theoretical model
We calculate spot sizes for the two color focused beam generated by a single focusing objective lens that does not focus to a single point, using simple ray optics geometry (Fig. 2) . Typically, the simultaneous flux calculation for two colors is complicated due to the spatial separation between two focal points as the intensity of two beams depends on their individual focal spot sizes. However, using our ray optics model we have calculated the temperature rise at trapped volume, which quantitatively supports the experimental data. We calculate the difference between two color focal points by placing a thin cover slip sample chamber containing 10 −4 M Rhodamine-6G in water. The maximum two photon fluorescence (TPF) is observed at the exact focal point of 780 nm laser on CCD, while at a position 1.6 µm further, the minimum transmittance signal occurs on InGaAs 1560 nm detector, which is the focal point of 1560 nm. We measured the separation between the focal points by moving a linear motorized stage (of minimum resolution 0.00001 mm). We evaluate the maximum temperature rise with respect to the room temperature (T 0 ) for a Gaussian pulse using [23] :
where, F is the fluence absorbed by water used in the sample chamber, τ p is the laser pulsewidth at 1560 nm, K is thermal conductivity, C is heat capacity and ⍴ stands for density of water. The 1560 nm is focused by 100X objective perpendicularly onto the cover slip sample chamber. The total fluence absorbed by water is .(1-|r f | 2 ).F 0 , where F 0 is laser fluence before the sample chamber and r f is the reflection coefficient that is calculated from the refractive index, n, using relation: r f = (n-1)/(n + 1). is the water absorbance in thin sample chamber. The half angle of the objective does not change since focal length of the 100X objective is higher (nearly 100 times) than the separation between the two focal points of two colors (Fig.  2) . We can thus use the geometric model The viscosity change as a result of this heating can be calculated using the equation [25] : 1 5 ( ) 140 247.8 log 2.414 10
We find that the calculated viscosity decreases linearly with increase in power of 1560 nm laser due to the inverse relationship between them in a small interval change (Fig. 3) .
Experimental observation
We used a pulsed 780 nm laser of 7 mW average power to trap fluorophore coated polystyrene microspheres. The trapping laser has a nominal heating effect [26] on the trapped bead because of the very low absorption coefficient of water at 780 nm. At 1560 nm, however, water has a high absorption coefficient due to the strong vibrational combination band. As the absorption coefficient is completely dependent on path length or sample thickness, our experimentally measured absorbance in the very thin cover slip sample chamber is only 0.108. However, this absorbance is sufficient to be utilized for precise control of the temperature of the micron size trapping volume. The low power illumination of femtosecond high repetition rate 1560 nm can change the focal volume temperature and viscosity effortlessly, which should be directly reflected by the characteristics of the trapped fluorophore coated polystyrene microsphere. We analyzed the forward scattered data of trapped bead collected with QPD at 20 kHz sampling rate for 2.5 seconds duration. The acquired data of channel X and Y is de-correlated by removing the cross-talk [18, 27] between them. The processed data was then fitted with the following Lorenzian function:
The fitting parameter A gives us information about the diffusion coefficient. The corner frequencies are derived from the fitted power spectra (Fig. 4) . Additionally, the inverse of corner frequency linearly decreases with an increase in the 1560 nm power (Fig. 5(a) ) though the linear dependence is not expected to continue beyond certain temperature range ( Fig.  5(b) ). Within our experimental range of temperatures, even viscosity is linearly dependent on inverse of corner frequency [28] . This may be due to change in trap stiffness or due to a change in viscosity of the solvent, which is directly dependent on solvent temperature as a result of thermal emission due to non-radiative relaxation process. As our trapping power is fixed and pump power (1560 nm) is very small, we can narrow this down to the viscosity change due to local heating. Focal point temperature is directly proportional to the pump power. Viscosity linearly decreases with temperature for small temperature interval as calculated from our theoretical model used (Fig. 3) . Under this condition, we calculate the viscosity at different powers relative to 0.89 × 10 −3 Pa.s (corresponding to f c = 131 Hz at 298 K) [30] , which is the water viscosity at 298 K when 1560 nm laser is absent. Within the range of our experimental conditions, we approximate that f c .η as a constant [28, 29] . We find that the maximum viscosity decrease (Δη) is 0.30 × 10 −3 Pa.s, which is observed at 800 μW power of 1560 nm. This observed value is within ~5% error bar. Using the corresponding observed viscosity, we calculate temperature at different powers of 1560 nm from Eq. (2). We also calculated trap stiffness (κ = 2πγf c ) using viscous drag coefficient (γ = 6πηr) of polystyrene bead of radius r, which was found to be almost constant though temperature was increasing. Our calculated trap stiffness (κ ps ) from power spectrum is 0.0068 ± 0.0001 pN/nm. Table 1 summarizes all calculated data and measured parameters. As far as we know, this is the first report on resonantly excited optical trap temperature by femtosecond Megahertz repetition rate pulses, which is much more efficient for producing heat as compared to the CW laser induced heating [31] [32] [33] at the trapping focal volume. This efficient heating effect is evident from Table 1 .
Conclusion
Non-radiative relaxation of water with resonant excitation sharply changes water temperature around the optical trap center. Pulsed high repetition rate 1560 nm laser having high peak power and very low average power can be very useful for alteration of temperature for highly absorbing solvents, which relax through thermal emission. In the vicinity of trapped polystyrene bead, viscosity decreases linearly with increase of 1560 nm laser power, whereas the temperature increases linearly. Our experimental setup would be very useful to generate precise temperature at a desired location. Our proposed geometrical optics model helps to understand the necessity of pulsed IR laser for creating the precise hot spot.
